Introduction: There are no validated molecular methods that prospectively identify patients with surgically resected lung squamous cell carcinoma (SCC) at high risk for recurrence. By focusing on the expression of genes with known functions in development of lung SCC and prognosis, we sought to develop a robust prognostic classifier of earlystage lung SCC.
Introduction
Approximately 1.8 million new lung cancer cases are diagnosed annually worldwide. In the United States, this accounts for 13% of all cancers. 1 Squamous cell carcinoma (SCC) is one of the most common histological subtypes of NSCLC, accounting for up to 30% of all cases. 2 SCC is commonly detected in heavy smokers, in whom the risk for development of lung cancer is closely correlated with tobacco consumption. 3 Chronic obstructive pulmonary disease (COPD) is also a risk factor. [4] [5] [6] The National Lung Screening Trial, which compared low-dose computed tomography with chest radiography, demonstrated a statistically significant mortality benefit of lowdose computed tomography screening. 7 However, there was no benefit for patients with lung SCC despite an increase in the detection of early-stage tumors. 8, 9 Other studies examining volume doubling time during followup have found that volume doubling times were significantly shorter for SCC than for adenocarcinomas (ADCs), indicating faster growth of early SCC lesions. 8 Surgical resection is the recommended treatment for stage I NSCLC. However, up to approximately 30% patients will experience recurrence and die within 5 years of surgery. 10 Patients with resected stage II and IIIA NSCLC are eligible for adjuvant chemotherapy; however, its efficacy for stage I patients is still ambiguous. 11 In addition, there are currently no validated methods that prospectively identify the 30% of patients at high risk for recurrence after surgery. In view of the high rate of relapse and the lack of predictive biomarkers, it is critical to develop biomarkers that can identify high-risk patients with early-stage lung SCC who may benefit from adjuvant chemotherapy or immunotherapy. 12 Previously, we established a four-gene signature that identified patients with stage I lung ADC at high risk for recurrence. 13, 14 Perhaps reflecting the different molecular and cell biology of ADC and SCC, 2, [15] [16] [17] [18] [19] [20] this classifier was not predictive of outcome in SCC. 13 This observation is consistent with recent reports suggesting that it is difficult to establish a universal gene signature in lung cancer. 21, 22 One reason could be the small number of SCC cases included in previous efforts. Others include heterogeneity across patient cohorts, different probe sets on arrays, different platforms, and indeed the diverse range of normalization and gene selection algorithms. Many prognostic factors for early-stage NSCLC have been reported. However, they mostly focus on ADC, and little is known about risk factors for early-stage SCC. To maximize the potential for developing a biologically and mechanistically relevant classifier, we focused our analysis on 253 genes with known mechanistic roles in lung SCC and histological discrimination related to smoking and/or associated with lung cancer prognosis.
We established a gene classifier in 212 patients from three cohorts and validated its prognostic value in 358 patients from six published studies of SCC.
Material and Methods

Patients and Tissue Samples
We analyzed 212 tumor samples from three cohorts of patients with lung SCC from National Cancer Center Hospital in Tokyo, Japan (the Japan cohort [ Table 1 . The NCI-MD and Norway cohorts showed similar 5-year survival rates (Norway, 61.1%; United States, 64.6%; p ¼ 0.4), sex, and age at diagnosis. Thus, to increase the statistical power for all further analyses, they were combined. Our study follows the Reporting Recommendations for Tumor Marker Prognostic Studies and the guidelines set forth to evaluate prognostic lung cancer signatures. 12, 23 
RNA Isolation
Primary lung tumors were snap-frozen immediately after surgery and stored at À80 C. RNA was extracted from frozen tissue samples in the Japan cohort and from the NCI-MD/Norway cohort using TRIzol (Invitrogen, Carlsbad, CA). RNA quality was inspected using Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA).
GeneChip Human Transcriptome Array 2.0 Analyses
All samples included in this study had RNA integrity numbers higher than 6.0 and were hybridized to the Human Transcriptome Array 2.0 (Affymetrix, Santa Clara, CA) according to the manufacturer's recommendations. This platform detects 44 
Statistical Analysis and Gene Classifier Development
Associations between gene expression and survival were evaluated by using the log-rank test in Graphpad Prism v5.0 (Graphpad Software, La Jolla, CA) on patients dichotomized on the basis of the median expression value for each gene. Survival curves were drawn using the method of Kaplan and Meier. Hazard ratios (HRs) were estimated using Cox proportional hazard regression in IBM SPSS Statistics 21 (IBM, Inc., Armonk, NY). Coefficients from multivariable models that included continuous expression values for dual specificity phosphatase 6 gene (DUSP6) and ACTN4 from the Japan cohort were used to build the two-gene classifier score that was subsequently applied to all validation cohorts. Forest plot analyses were performed using Review Manager 5 (The Cochrane Information Management System [Cochrane Collaboration, London, United Kingdom]). A heterogeneity test for the combined HR was carried out using the I 2 statistic. 25 Functional regulatory gene and protein interactions based on gene expression data were evaluated with ingenuity pathway analysis. Hierarchical clustering analysis was performed using Genesis v.1.7.6 software (Institute for Genomics and Bioinformatics Graz, Graz, Austria) with Pearson correlation and complete linkage. All statistical 
Publicly Available Gene Expression Data Sets
In June 2015 we searched Gene Expression Omnibus using the search terms lung cancer, non-small cell lung cancer, lung squamous carcinoma, and NSCLC and also searched ONCOMINE (Thermo Fisher Scientific, Ann Arbor, MI) 26 to identify public microarray data sets of patients with lung SCC with clinical follow-up. Selection criteria for all publicly available data sets required that each data set include sufficient survival information for more than 40 patients with TNM stage I or II SCC and have expression data for DUSP6 and ACTN4. Six publicly available microarray data sets were analyzed and used for validation of the prognostic signature: Korea cohort (Oncomine: Affymetrix), 27 U.S.-M. D. Anderson cohort (GSE41271: Illumina), 28 France cohort (GSE30219: Affymetrix), 29 Sweden cohort (GSE37745: Affymetrix), 30 U.S.-Duke cohort (Oncomine: Affymetrix), 31 and U.S.-Michigan cohort (GSE4573: Affymetrix). 32 Demographic and clinical characteristics of these patient cohorts are found in Supplementary Table 1. In each published cohort, cases that received adjuvant therapy were excluded from the analysis. Normalized expression values were obtained from each data set and were not processed further. If more than one probe was selected, they were averaged. To build the gene signature, Affymetrix probes (ACTN4: 200601_at, DUSP6: 208891_at, 208892_s_at, 208893_s_at) and Illumina probes (ACTN4: ILMN_1725534, DUSP6: ILMN_1677466, ILMN_2396020) were used. The two-gene classifier was calculated for each sample in the publically available data sets and samples were categorized as classifier low, medium, or high within each cohort separately. The within-cohort categorization was performed to standardize risk scores across all cohorts and compensate for the fact that each study used different methodologies to measure the expression of each of the two genes. 13 
Results
Seven Genes Are Associated with RFS of EarlyStage (Stage I þ II) Lung SCC in the Japan Cohort Our strategy for establishing the coding gene classifier is represented in Supplementary Figure 1 . In all, 253 genes were selected on the basis of a literature search for evidence of their association with lung SCC biology or patient prognosis (Supplementary Table 2 ). We analyzed Human Transcriptosome Array 2.0 data on patients with early-stage (stage I þ II [American Joint Committee on Cancer, seventh edition]) with lung SCC from a subset of 107 patients from the Japanese cohort and examined associations of the 260 probes (corresponding to 253 genes) with relapse-free survival (RFS). In univariable Cox regression, the 20 genes most significantly associated with RFS were selected for technical validation by qRT-PCR in the same sample population (Supplementary Table 2 ). When Taqman probes were used, qRT-PCR measurements significantly correlated with the microarray data (p < 0.05) for all of the 20 genes ( Supplementary Fig. 2) . Table 3 ). In addition, high expression of DUSP6 or ACTN4 identified patients with worse prognosis in the Kaplan-Meier analysis of the Japan and NCI-MD/Norway cohorts ( Fig. 1A and B) .
Development of a Combined DUSP6 and ACTN4 Classifier for Prognosis of SCC
For the purpose of establishing a robust prognostic classifier for patients with lung SCC, we conducted a multivariable Cox regression analysis based on linear expression values for ACTN4 and DUSP6 in the Japan cohort. The resulting coefficients were incorporated into a classifier score as follows: (0.590 Â DUSP6) þ (0.550 Â ACTN4). Patients were categorized in tertiles (low, medium, and high) on the basis of tumor score values. The two-gene classifier was significantly associated with prognosis in stage I þ II patients in a multivariable Cox regression model adjusted for stage, age, sex, pack-years of smoking, and smoking status (HR high vs. low ¼ 4.6, 95% CI: 1.30-16.69, p ¼ 0.018) ( Table 2) , and a high score identified high-risk patients by Kaplan-Meier analysis (Fig. 1C) .
The classifier was then applied to the NCI-MD/ Norway cohort, in which it also was significantly associated with prognosis in a multivariable Cox regression model adjusted for stage, age, sex, smoking status, and pack-years of smoking (HR high vs. low ¼ 3.49, 95% CI: 1.27-9.60, p ¼ 0.016) ( Table 2 ) and identified patients with early-stage SCC who were at high risk for cancerspecific death (Fig. 1D) .
Prospective classification of patients at high risk for recurrence is important for identifying those who may benefit from adjuvant chemotherapy. Although the association did not reach statistical significance, a high score was also associated with worse outcome only in stage I patients from these two cohorts (Supplementary  Table 4 and Supplementary Fig. 3 ). These results provide strong evidence that the two-gene classifier is robust and could lead to reproducible predictions in ethnically and geographically diverse populations.
Validation of Two-Gene Classifier in Multiple Independent Cohorts of Patients with Lung SCC
The goal of our study was to establish a prognostic gene classifier that is broadly applicable to patients with early-stage lung SCC. Thus, we analyzed two cohorts with reported RFS, the Korea cohort (n ¼ 57) and the U.S.-M. D. Anderson cohort (n ¼ 46) using Tables 5 and 6 and Supplementary  Fig. 4A and B) . When these two cohorts were combined, the two-gene classifier was significantly associated with the RFS of stage I þ II patients Table 7 ). The two-gene classifier identified stage I þ II as well as stage I patients at high risk for recurrence ( Fig. 2A and Supplementary Fig  5A) . The three cohorts that reported RFS information (Japan, Korea, and U.S.-M. D. Anderson) were analyzed in a fixed effects meta-analysis model. There was low heterogeneity or inconsistency across these cohorts 
, suggesting that these data are not the result of selection bias. The two-gene classifier consistently identified stage I þ II and stage I patients at high risk for recurrence in the three studies ( Fig. 2B  and C) .
The two-gene classifier was also applied to the four cohorts that reported overall survival (OS) information (France, U.S.-Duke, Sweden, and U.S.-Michigan). In a combined analysis of these published cohorts, the two-gene classifier was significantly associated with OS patients in patients with stage I or II lung SCC in a multivariable Cox regression model (HR high vs. low ¼ 2.23, 95% CI: 1.40-3.56, p ¼ 0.001) ( Table 3 ). This association remained significant when only stage I cases were considered (HR high vs. low ¼ 2.17, 95% CI: 1.20-3.91, Table 7 ). The two-gene classifier identified high-risk patients in Kaplan-Meier survival analysis of stage I þ II as well as stage I cases ( Fig. 3A and Supplementary Fig. 5B) . A fixed effects meta-analysis of these four cohorts with OS information demonstrated no heterogeneity or inconsistency (stage
, again indicating a lack of selection bias. The twogene classifier consistently identified stage I þ II and stage I patients at high risk for death in the four cohorts ( Fig. 3B and C) .
Pathway Analysis
To understand the biological effects of ACTN4 and DUSP6 on the progression lung SCC, we evaluated the gene expression profiles associated with high versus low The two-gene classifier was categorized on the basis of tertiles.
e Cohort consists of U.S.-Michigan (n¼ 107, GSE4573), France (n ¼ 56, GSE30219), Sweden (n ¼ 45, GSE37745), and U.S.-Duke (n ¼ 44, Oncomine) cohorts, which are publicly available microarray data sets of stage I þ II lung squamous cell carcinoma with overall survival information. HR, hazard ratio; CI, confidence interval; RFS, relapse-free survival; NA, not applicable; OS, overall survival.
expression of each or both of those genes and explored pathways based on these comparisons. We identified 1563 transcripts showing differential expression among tumors with high expression of both ACTN4 and DUSP6 (p < 0.001). Hierarchical clustering of all patients on the basis of these differentially expressed transcripts resulted in accurate discrimination of patient outcome, suggesting that the two-gene signature identifies molecular subsets of patients with clinical relevance (Supplementary Fig. 6 ). Characterization of canonical pathways associated by ingenuity pathway analysis revealed 11 pathways linked to high expression of ACTN4, 13 pathways linked to high expression of DUSP6, and 10 pathways linked to high expression of both genes (p < 0.0001) ( Supplementary Fig. 7 and Supplementary  Tables 8-10 ). Canonical pathways connected with ACTN4 and DUSP6, included integrin, actin cytoskeleton, paxillin and ERK/MAPK signaling, all of which may lead to cancer cell migration, invasion, and proliferation. Pathways connected with DUSP6, included p21-activated kinase, neuregulin, and ErbB and globally encompass proteins with signal transducing roles as serine/threonine protein kinases and receptor tyrosine kinases. Finally, pathways connected with ACTN4, included regulation of cellular mechanics by calpain protease, epithelial adherens junctions, and protein tyrosine kinase 2, which are involved in tissue remodeling and cell motility. 
Discussion
Our objective was to establish a prognostic gene classifier for early-stage lung SCC to guide clinical decisions. Herein, we established and validated a prognostic gene classifier in a total of 570 patients with stage I þ II lung SCC. The relationship of the two-gene classifier with prognosis was significant in resected patients across ethnically and geographically diverse populations, suggesting that this classifier has the potential to identify high-risk patients who may benefit from adjuvant chemotherapy. The current standard therapy for early-stage (stage I and II) NSCLC is lobectomy with mediastinal lymph node resection. Adjuvant chemotherapy in resected NSCLC has been recommended for stage II and IIIA patients, and its utility has not been proven for stage I patients, 11 perhaps in part because adjuvant chemotherapy trials have been conducted in unselected patient populations.
We recently established a robust classifier consisting of four genes that was predictive of outcome in lung ADC, but not in SCC. 13, 14 Thus, we aimed to develop a classifier specific for the SCC histological subtype. We propose that a two-gene classifier comprising DUSP6 and ACTN4 can be used to guide therapeutic decisions for patients with early-stage lung SCC.
DUSP6 is one of five genes in a prognostic signature previously associated with outcome of NSCLC. 33 In that study as in ours, DUSP6 expression was adversely associated with patient outcome. In addition, DUSP6 was recently identified as a biomarker of poor prognosis in hepatocellular carcinoma. 34 Paradoxically, DUSP6 is a member of the mitogen-activated protein kinase phosphatase family that inactivates extracellular signalregulated kinase, which is an activity consistent with tumor suppression. However, DUSP6 overexpression has been observed in several cancers and functionally correlated with aggressive tumor behavior and malignant phenotypes. 35, 36 In addition, silencing of DUSP6 resulted in increased sensitivity to cytotoxic drugs and reduced cancer cell proliferation. 37, 38 Thus, it has been proposed that DUSP6 modulates the DNA damage response and may have opposing roles depending on the cellular context. 37 Gene expression profiles in tumors with high DUSP6 were associated with a family of serine/threonine protein kinases and receptor tyrosine kinases, including ErbB family and downstream signaling mediators, which may promote cancer cell invasion and oppose apoptotic programs.
Actinin-4 is predominantly expressed in the cellular protrusions that stimulate the invasive phenotype of cancer cells and is essential for formation of cellular protrusions such as filopodia and lamellipodia. [39] [40] [41] [42] ACTN4 amplification and high expression are frequently observed in patients with carcinomas of the pancreas, ovary, lung, and salivary gland, and patients with ACTN4 amplifications and high ACTN4 expression have worse outcomes than patients without amplification, which is consistent with our observations. 41, [43] [44] [45] Gene expression profiles in tumors with high ACTN4 were associated with epithelial adherens junction and protein tyrosine kinase 2, which may lead cell migration and invasion through tissue remodeling and cell motility.
The two-gene classifier is composed of biologically and mechanistically relevant genes that are functionally important and each significantly associated with prognosis and recurrence in early-stage lung SCC. The classifier predicted both RFS and OS in multiple cohorts of stage I þ II and stage I lung SCC. The results appear to be independent of race, gene expression platform and clinical background. Furthermore, in meta-analysis there is a stronger correlation between the two-gene classifier with RFS and cancer-specific mortality than with OS. COPD and cardiovascular disease contributed to 20% of the deaths in the NCI-MD/Norway cohort and they are frequent comorbidities of patients with lung SCC. 5, 46, 47 In particular, COPD status is one of the most important prognostic factors in patients with NSCLC according to the Surveillance, Epidemiology, and End Results program data. 48 Future work will be needed to identify the optimal cutpoint for this classifier that can discriminate high-risk from low-risk patients in a clinical setting. Additionally, efforts will be focused on developing standardized assays that are applicable to formalin-fixed paraffinembedded tissues, as these are available in routine clinical practice. Moreover, as our recent work showed that the combination of multiple molecularly and functionally distinct biomarkers (such as non-coding RNA, methylation status and genomic alterations) can improve the detection of high-risk patients, additional studies should explore this possibility in lung SCC. 49 In conclusion, we have developed and validated a two-gene classifier in multiple large-scale and geographically diverse cohorts of patients with earlystage lung SCC. This classifier could be used to identify the approximately 30% of patients with early-stage lung SCC who remain at a high-risk of recurrence and guide their clinical management.
